. We then use a random number ture times for realistic numbers of chromosomes.
Figure 1. Biased and Unbiased Search and Capture

Schematic of the unbiased (A) and RanGTP-biased (B) search-and-capture models and graphical representation of stochastic simulations. 2-D projection of 3-D simulation of MT dynamics in the unbiased (C) and biased (D) models. MT distribution for the unbiased model (C) was generated with spatially homogeneous optimal catastrophe frequency. Spatially dependent catastrophe frequency for the biased model (in the middle nuclear cross-section) is shown in panel (F). The catastrophe frequency was calculated based on the assumption that it is an exponentially decaying function of the
To explore this possibility quantitatively, we simulated the following model. MTs, which is an upper limit to the usual estimate of hundreds of MTs, the mean estimated time until capture We calculated the spatial distribution of RanGTP in a gradient decreasing away from the chromosomes (Supof 46 chromosomes in the unbiased model is substantially greater than experimental measurements (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) plemental Data and Figures 1B and 1E) . We made the catastrophe frequency a decreasing function of RanGTP min; see Figure S2 ). Thus, even under optimal conditions, the unbiased model cannot explain the expericoncentration, so that MTs undergo catastrophe very rapidly away from the nucleus and are very stable near mental results. the chromosomes. We found that the search durations were minimized under conditions in which RanGTP deBiased Search and Capture Is Sufficiently Fast creased rapidly away from the nucleus but not rapidly to Account for Observed Rates of Mitosis enough to change much between the adjacent chromoThe MT catastrophe frequency was never measured in somes. In such cases there exists a "stabilizing sphere" the vicinity of chromosomes in vivo, although astral of radius similar to that of the nucleus, such that the MTs were found to display a catastrophe frequency of catastrophe frequency is step-like ( Figure 1F ) with no 0.075 s −1 away from the spindle during prometaphase catastrophes inside the nucleus and a high frequency [7] . This value is 5.6-fold larger than the calculated optiof catastrophes outside the nucleus. mal value of 0.0134 s −1 , and simulations show that it We simulated this optimal, simplified, biased model, would yield an unrealistic mean capture time of 3720 in which a MT underwent a catastrophe immediately min. This suggests that there is a bias of MT dynamics outside the nuclear sphere and did not catastrophe innear the chromosome, such that a MT growing in the side it ( Figure 1D ). (Other than that, the simulations "wrong" direction would collapse rapidly, whereas a MT were as described above; see also the Supplemental that is close to the target would be allowed to continue The size of the stabilizing sphere is another important parameter to be regulated. The stabilizing sphere should include all the chromosomes as well as the path between them and the centrosomes, but if it becomes too big, the search-and-capture process loses its efficiency because MTs grow too long and sometimes in the "wrong" direction. We ran the simulation for a sphere with a radius 1.5 times larger than the nuclear radius and observed that the mean time until capture increased 4-fold ( Figures 2C and 2D ).
An important parameter of our model is spindle size, implemented as the nuclear radius. Previous work [2] showed that the average time of the unbiased search and capture grows exponentially with increasing chromosome-to-pole distance for a single chromosome. Our numerical simulations confirm that, in the unbiased model for multiple chromosomes, the search time is an exponential function of the nuclear size ( Figure 3C ). In the biased model, according to both analysis and simulations ( Figure 3C ), the search time increases more slowly as a cubic function of the radius, which makes it orders of magnitude more efficient. However, both cells constitutively expressing a mitosis biosensor by Our analysis shows that the average search time is transfecting them with sequences encoding three difinversely proportional to the number of MTs (Equations ferent forms of Ran. Specifically, we overexpressed na-S17 and S19). Not surprisingly, the cell increases the tive Ran and introduced a dominant-negative Ran connumber of MTs as it enters mitosis. The time also destruct as well as a constituently active one [14] . Both creases drastically when the size of the kinetochores is constituently active and dominant-negative constructs increased [7] . We performed simulations for 15 different caused a 2-to 3-fold increase in prometaphase duraeffective kinetochore radii from 0.08 to 1.2 m and for tion (Supplemental Data, including Figures S1 and S2), 20 different numbers of searching MTs from 100 to as predicted, indicating that a RanGTP gradient can act 2000. Each set of parameters was averaged from 100 as bias generator in the search-and-capture process. simulations, equating to a total of 30,000 simulations. Figure 3A shows how the search time depends on the kinetochore size and MT number and demonstrates Discussion that the biased-search parameters have to be finely tuned to achieve the observed capture time. On the Our work demonstrates that without any bias, the search-and-capture mechanism is inefficient except in other hand, our analysis predicts that the search time depends weakly, as a logarithmic function, on chromovery small cells. Furthermore, due to the polynomial increase in search time with nuclear size, biased search some number ( Figure 3B) . Moreover, we predict that the variance of the search time is proportional to the logaand capture could not be the sole mechanism for spindle assembly in large cells. This demonstrates the limirithm of the number of chromosomes. but not all systems. Another possibility is that RanGTP
